Intraventricular hemorrhage causes spatial memory loss, but the mechanism remains unknown. Our recent studies demonstrated that traumatic brain injury activates Src family kinases, which cause spatial memory loss. To test whether the spatial memory loss was due to blood in the ventricles, which activated Src family kinases, we infused autologous whole blood or thrombin into the lateral ventricles of adult rats to model non-traumatic intraventricular hemorrhage. Hippocampal neuron loss was examined 1 day to 5 weeks later. Spatial memory function was assessed 29 to 33 days later using the Morris water maze. Five weeks after the ventricular injections of blood or thrombin, there was death of most hippocampal neurons and significant memory deficits compared with sham operated controls. These data show that intraventricular thrombin is sufficient to kill hippocampal neurons and produce spatial memory loss. In addition, systemic administration of the non-specific Src family kinase inhibitor PP2 or intraventricular injection of siRNA-Fyn, a Src family kinase family member, prevented hippocampal neuronal loss and spatial memory deficits following intraventricular hemorrhage. The data support the conclusions that thrombin mediates the hippocampal neuronal cell death and spatial memory deficits produced by intraventricular blood and that these can be blocked by non-specific inhibition of Src family kinases or by inhibiting Fyn.
Introduction
Intraventricular hemorrhage (IVH) is defined by the presence of blood in the cerebral ventricles. IVH in humans usually has an acute onset, has several different causes, and is associated with a high morbidity and mortality. [1] [2] [3] Causes of IVH in humans include hypertension, intracerebral hemorrhage, subarachnoid hemorrhage, arteriovenous malformations, traumatic brain injury (TBI), coagulopathies, and others. The major complications after IVH include hematoma induced brain injury, brain edema, and a variety of neurological deficits. 4 Increasing evidence also shows that many patients suffer from significant cognitive impairment, which markedly decreases quality of life of patients over the long-term. 5, 6 However, the mechanism of cognitive impairment following IVH is not understood and thus there is no treatment.
Once IVH occurs, the blood causes release of several toxic molecules into the cerebrospinal fluid (CSF), including thrombin, oxyhemoglobin (oxyHb), iron, cytokines, reactive oxygen species (ROS), and others. Since many molecules and signaling pathways are implicated in the brain injury and cognitive deficits post-IVH, blocking a single mediator or single pathway may not be clinically effective. 7 This led us to consider an approach that would block multiple pathways.
Src family kinases (SFKs), a class of non-receptor tyrosine kinases, consist of eight family members including c-Src, c-Yes, Fyn, Lck, Lyn, Hck, Blk, and c-Fgr. 8 SFKs can be activated by many trans-membrane receptors, such as adhesion receptors, tyrosine kinase receptors, G protein-coupled receptors, cytokine receptors, and others. 9 This feature of the SFKs makes them a point of convergence for many toxic molecules (e.g. thrombin, oxyHb, ROS, cytokines, and others) that are released and mediate secondary injury after IVH. Indeed, thrombin activation of Protease Activated Receptors (PARs) leads to SFK activation. 10 The activated SFKs cause death of hippocampal and other neurons resulting in cognitive deficits through several neurotoxic downstream signaling pathways including RhoA-Rho-kinase1 (ROCK1), Jun N-terminal kinase (JNK), P38 and Erk mitogen-activated protein kinases (MAPKs), and phosphorylation of NMDA receptors. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] To follow up our recent studies that have demonstrated that cognitive decline occurs following TBI, 11 we hypothesized that the TBI-induced cognitive decline is related to the toxic effects of blood released into the cerebral ventricles after TBI, which activates thrombin which in turn activates SFKs and results in the cell death of hippocampal neurons. To address this hypothesis, we infused autologous whole blood or thrombin into the lateral ventricles to determine whether intraventricular autologous whole blood or thrombin alone causes death of hippocampal neurons and cognitive deficits via SFK pathways. Spatial memory function was assessed using the Morris Water Maze 1 month later. Cell survival in hippocampus was also assessed. To evaluate the role of SFKs in animals injected with fresh whole blood or thrombin into the ventricles, rats were injected with a systemic non-specific SFK inhibitor, PP2 or vehicle; or were injected intraventricularly with siRNA-Fyn (one SFK family member) or scrambled siRNA. The data show that intraventricular thrombin or fresh blood produces cell death of hippocampal neurons and loss of spatial memory via activation of SFKs following IVH. Moreover, we show that inhibition of a specific SFK kinase Fyn (one SFK subtype) prevents the spatial memory deficits produced by IVH.
Materials and methods
Male Sprague-Dawley rats, weighing 300-320 g, were purchased from Harlan Laboratories. Animals were assigned to experimental and control groups randomly. All experiments were performed blindly and all analyses were done by individuals blinded to the groups. Group sizes of 8 were used for behavioral studies of animals injected with whole blood or thrombin.
Injections of autologous whole blood into lateral cerebral ventricle
The animals (n ¼ 58) were anesthetized with isoflurane (Minrad, New York, NY) and placed in a stereotaxic frame (Kopf Instruments, Tujunga, CA). A heating blanket maintained body temperature at 37 C. Autologous whole blood (200 ml) drawn from the tail of each individual rat was infused into brain over 10 min into the left lateral ventricle (coordinates: À0.9 mm anterior-posterior; À1.4 mm medial-lateral; À4.6 mm dorsal-ventral, with respect to bregma). 21 The sham controls received a burr hole and needle placement without injection. The rats who received intraventricular (i.c.v.) autologous whole blood injections were immediately given one intraperitoneal injection of the non-specific SFKs inhibitor PP2 (1.0 mg/kg, Biomol International LP, Plymouth Meeting, PA) or vehicle control (5% DMSO in Saline). The PP2 dose was based upon our previous studies showing it to be the most effective dose for thrombin or TBI-induced brain injury. 11, 21, 22 A separate group of rats had intracerebroventricular injections of siRNA-Fyn (Sense, GCUUGUACAGCA UUACUCATT; Antisense, UGAGUAAUGCUGUA CAAGCTG) (100 mg/animal, Ambion, Austin, TX) or scrambled-siRNA 1 day (24 h) prior to intraventricular injections of autologous whole blood (n ¼ 16). The siRNA-Fyn and scrambled-siRNA were wrapped using nanoparticles to improve cell penetration and prolong half-life (Altogen Biosystems, Las Vegas, NV) and incubated at room temperature for 30 min prior to being injected into the ventricles of the rats.
After closure of the operative sites, rats were allowed to recover in an incubator maintained at 37 C, and then returned to their home cages with free access to food and water. All experimental procedures were performed in accordance with National Institutes of Health guidelines and were approved by the Institutional Animal Care and Use Committee, University of California at Davis. The manuscript was written up in compliance with the ARRIVE guidelines.
Assessment of knocking down efficiency of nanoparticle-siRNA using RT-PCR and Western blots for Fyn
Sprague-Dawley rats of both sexes (n ¼ 12), weighing 300-350 g, were divided into four groups (three rats/ group). Apart from naı¨ve rats used for blank control, animals had i.c.v. injections of either 10 ml nanoparticle coupled 100 mg scrambled siRNA controls, or 10 ml nanoparticle-alone as vehicle controls, or 10 ml nanoparticle siRNA to Fyn (100 mg/rat, i.c.v.). One day after i.c.v. injections, rats were euthanized, and the bilateral rat hippocampi and parietal cortex were dissected, frozen in liquid nitrogen, and stored at À80 C.
Total RNA was extracted from the brain tissue using mirVana PARIS kit (Lifetech, Carlsbbad, CA). Reagents and primers specific for Fyn (Fyn 270 FWD: CTGACGGAGGAGAGGGACG; Fyn 399 REV: GGCTGCGTGGAAGTTGTTGTA) were purchased from Lifetech (Carlsbbad, CA) and standard SYBR Green RT-PCR protocol followed. 18 s rRNA was used as internal controls for RT-PCR. The Fyn values were normalized with internal controls and calculated as a percentage of mRNA expression for the siRNA-Fyn treated sample relative to the naı¨ve sample. Statistical differences were determined using ANOVA followed by Dunnett's post hoc test.
Injections of thrombin into the lateral ventricle
The experimental procedures described above to infuse autologous whole blood were duplicated for these studies. However, instead of autologous whole blood, male Sprague-Dawley rats (n ¼ 32) had intraventricular injections (i.c.v) of thrombin (20 U in 5 ml saline/animal, Sigma, St. Louis, MO). Rats that received i.c.v. thrombin were concurrently given either i.c.v. injections of the thrombin inhibitor hirudin (20 U/animal), or immediately given one intraperitoneal injection of the SFK inhibitor PP2 (1 mg/kg) or injected with vehicle.
Morris water maze
Acquisition of spatial memory learning was assessed on days 29-33 after IVH in the Morris water maze (MWM) as previously described. 11 The test apparatus consisted of a large white circular tank (183 cm diameter by 60 cm high) filled with water to a depth of 22 cm. Water temperature was maintained at 24-28 C. A transparent circular escape platform (12.8 cm diameter, 20 cm high) was placed in the tank 2 cm below the water surface. Four consistent visual cues were located in the test room outside of the maze. Rats were released from one of four starting points (selected randomly on each day for each rat) and allowed 120 s to find and mount the escape platform. If the rat did not find the platform within 120 s, the experimenter placed the rat on the platform. The rat remained on the platform for 30 s before being removed from the maze. The rat received a 4-min inter-trial interval in a warmed holding cage before being returned to the maze for subsequent trials. Rats received a total of four trials per day, one from each starting point, over five consecutive days. Mean latency to find the platform was calculated for each day to assess learning. Data from all trials were recorded using a video tracking system (Poly-Track Video Tracking System version 2.1, San Diego Instruments Inc., San Diego, CA). Statistical differences were determined using repeated measures ANOVA with assessment days as the repeated variable within subjects followed by Dunnett's post hoc test.
Hippocampal histology/NeuN immunohistochemistry
A separate group of adult Sprague-Dawley rats (n ¼ 24) were divided into six groups for histology (four rats/ group). The animals either had a sham operation or had thrombin injected into the lateral ventricle (20 U) followed immediately by intraperitoneal injection of vehicle (saline) or PP2 (1 mg/kg, i.p.). Animals were allowed to survive 1 day, 7 days, 14 days, or 5 weeks. They were then anesthetized and perfused via the aorta with 4% paraformaldehyde in phosphate buffer. Brains were removed, sectioned, and immunostained for NeuN.
The avidin-biotin-peroxidase complex (Vectastain Elite ABC Kit, Vector Laboratories, Inc., Burlingame, CA) method was used to perform NeuN (a marker of mature neurons) immunohistochemistry. Brain sections were incubated at room temperature in 0.3% H 2 O 2 in methanol for 30 min to quench endogenous peroxidase. After two 5 min rinses in PBS, sections were incubated with 3% horse blocking serum for 20 min, and then incubated for 0.5 h in primary antibody (mouse anti-NeuN, 1:150, Millipore MAB377, Billerica, MA) diluted in PBS containing 0.1% Triton X-100 and 3% horse serum. After being washed in PBS, sections were incubated in biotinylated secondary antibody (Goat anti-mouse 1:1000, Vector BA 9200, Burlingame, CA) for 0.5 h. After three 5 min rinses in PBS, sections were placed in Vectastain ABC reagent for 0.5 h. After two more 5 min washes, sections were incubated in peroxidase substrate 3,3 0 -diaminobenzidine (DAB) solution for 10 min. DAB staining was examined using a Nikon E600 microscope.
Results
The effects of PP2 on cognitive function after i.c.v. autologous whole blood
The group of animals that had intraventricular injections of autologous blood had significantly longer latencies to find the hidden platform over the 5 days of testing compared with the sham group (P < 0.05) (Blood/Vehicle vs Sham/Vehicle) ( Figure 1 ). Intraperitoneal injections of PP2 (1 mg/kg, i.p.) significantly improved performance compared with intraperitoneal vehicle injections (P < 0.05) in animals with intraventricular blood injections (Blood/PP2 vs Blood/Vehicle) ( Figure 1 ). Administration of PP2 did not affect cognitive function of naı¨ve rats without intraventricular injections of blood (Naı¨ve/PP2 vs Naı¨ve/Vehicle) ( Figure 1 ). There were no significant statistical differences between the naı¨ve/vehicle, blood/ PP2, and naı¨ve/PP2 groups (Figure 1 ).
The effects of siRNA-Fyn on cognitive function after i.c.v. autologous whole blood
The nanoparticle-wrapped siRNAs (100 mg/rat, i.c.v.) to Fyn significantly decreased Fyn mRNA > 70% compared with naı¨ve, nanoparticle transfection reagent alone (negative control, TR-alone), and scrambled si-RNA (si-NC, P < 0.01) ( Figure 2 ). The scrambled siRNA had no effect on hippocampal Fyn mRNA ( Figure 2 ). We also observed that siRNA-Fyn produced a modest knock down of Fyn protein expression at 24 hrs, though the decrease of Fyn protein was not as remarkable as Fyn mRNA knockdown ( Supplementary Figure 1) .
The group of animals that had intraventricular injections of blood and scrambled-siRNA had significantly longer latencies to find the hidden platform over the 5 days of testing compared with the sham-operated group (P < 0.05) (Blood/siRNA scramble vs Sham/ Vehicle) ( Figure 3 ). Of the animals that received intraventricular injections of blood, treatment with siRNA-Fyn (100 mg, i.c.v.) significantly improved performance compared with the scrambled-siRNA (P < 0.05) (Blood/siRNA scramble vs Blood/siRNA-Fyn) (Figure 3 ). There were no significant differences between the sham/vehicle group and the blood/siRNA-Fyn group (Figure 3) .
The effects of PP2 on cognitive function after intraventricular thrombin
The group of animals with intraventricular injections of thrombin and intraperitoneal vehicle had significantly longer latencies to find the hidden platform over the 
Delayed neuronal cell loss in hippocampus following intraventricular thrombin
NeuN immunostaining of neuronal nuclei in hippocampus showed little change in numbers of neurons at 1 (Figure 5(B) ) and 7 ( Figure 5 (C)) days following intraventricular thrombin injections compared with sham controls ( Figure 5(A) ). There was a subtle loss of dorsal dentate granule cell neurons at 2 weeks ( Figure 5(D) ) and almost complete loss of all neurons in hippocampus by 5 weeks following intraventricular thrombin with survival of some medial dentate gyrus neurons ( Figure 5(E) ). Intraperitoneal PP2 following intraventricular thrombin completely protected all segments of hippocampus including CA1, CA2, CA3, dentate hilus, and dentate gyrus ( Figure 5(F) ).
Discussion
This study demonstrates that administration of the nonspecific SFKs inhibitor PP2 or nanoparticle wrapped siRNA-Fyn (one SFK family member) improves spatial memory function after non-traumatic IVH in adult rats.
The study confirms recent studies that intraventricular blood can produce spatial memory and other cognitive deficits in rodents 23 and also demonstrates that intraventricular thrombin alone causes hippocampal neuronal cell death and spatial memory deficits via activation of SFKs. The current study found modest dentate gyrus cell loss at 14 days and severe neuronal cell throughout the hippocampus at 5 weeks following intraventricular thrombin at which time significant spatial memory loss was also demonstrated. The explanation for this very delayed neuronal cell death is unclear but may account for few studies reporting memory deficits after intraventricular blood or thrombin.
A large number of toxic molecules, such as thrombin, oxyHb, cytokines, ROS, and others, are released into CSF following IVH 14, 15 and any one might contribute to the cognitive deficits. As the CSF flows through the ventricular system in the brain, it exchanges molecules with the interstitial fluid of the brain parenchyma. 24 Therefore, these toxic molecules in the CSF can diffuse throughout the ventricles and mediate secondary injury in structures adjacent to the ventricles including hippocampus. Indeed, our results show that intraventricular blood or intraventricular thrombin lead to severe neuronal cell death via SFK pathways in hippocampus, which likely accounts in large part for the spatial memory deficits. Although it took 2-5 weeks to observe the cell death of hippocampal neurons after thrombin (20 U, i.c.v.) injection, the trigger for neuronal death via SFKs activation probably occurred shortly after the time of thrombin injection. This is because injection of SFK inhibitor immediately after the thrombin was sufficient to rescue the neurons. Thus, though the thrombin induced SFK pathways are rapidly activated it appears to take weeks for the neurons to die and to be removed. This very slow death could be via autophagy though we have not explored this possibility. Furthermore, the finding that a single acute administration of the SFK inhibitor prevented the delayed cell death argues for an acute ''trigger'' involving activation of SFK after intraventricular fresh blood or thrombin administration. The acute trigger phenomenon also occurs following cerebral ischemia in which hippocampal cell death is delayed for days after the insult, but can be blocked by acute administration of glutamate receptor antagonists. 25 We performed water maze at 29-33 days after thrombin, because this is the time point at which the cell death in hippocampus was fully mature and complete. We were concerned that testing at earlier times would be complicated by ongoing cell death. We did not test at later times after 33 days because cell death was complete by this time and no further changes of memory performance would be expected.
However, examining spatial memory function at several months following IVH would be needed prior to any human trials of SFK antagonists.
It is well documented that thrombin is released rapidly by proteolysis of its precursor prothrombin immediately after brain injury. 11 Moreover, thrombin can be synthesized in brain microvascular endothelial cells, glia and neurons, and accumulates in the vessel walls and senile plaques in brains of patients with Alzheimer's disease. 26 Our previous studies showed that intraventricular thrombin was toxic, producing damage to astrocytes and endothelial cells as well as disruption of blood-brain barrier. 21 The multiple sources and toxic characteristics of thrombin suggest that thrombin has the potential to serve as a major molecule that plays a substantial role in producing clinical features of IVH. Therefore, in this study, we infused thrombin as well as whole blood to model non-traumatic IVH.
Our results showed that both intraventricular blood and thrombin produced significant spatial memory deficits. We injected thrombin inhibitor hirudin to animals that received intraventricular thrombin injection, and found that hirudin attenuated thrombin-induced cognitive deficits. In contrast, hirudin was not administered in the intraventricular fresh whole blood model, because it could block the clotting process of fresh blood. Instead, we administered SFKs inhibitor in the intraventricular fresh whole blood model, because though SFKs are important downstream molecules of the thrombin signaling pathway, 14, 15 SFKs have no effect on hemostasis because they do not associate with integrin complexes until after platelet aggregation is mediated by a IIb b 3 . 27 Our results show that inhibiting SFKs was sufficient to attenuate the spatial memory deficits produced by both intraventricular thrombin and whole blood, because inhibiting SFKs completely eliminated the spatial memory deficits in both IVH models. It is important to note that SFKs can be activated by many transmembrane receptors, such as adhesion receptors, tyrosine kinase receptors, G protein-coupled receptors, cytokine receptors, and others. 9 This unique characteristic of the SFKs makes them a point of convergence for many toxic molecules (e.g. thrombin, oxyHb, ROS, cytokines, and others) that are released and mediate secondary injury after IVH. Therefore, inhibiting SFKs is likely to block multiple IVH-induced toxic pathways and have potent effects to attenuate the secondary brain injury after IVH. Of interest is that our data show that even the moderate siRNA knockdown of Fyn protein could completely protect against IVH and produce normal spatial memory function.
We have previously shown that intracerebral injections of blood or thrombin increase SFK activity over 3-5 fold, and that SFK inhibitor (PP1 or PP2) blocks this increase in SFK activity. 22, 28 Moreover, our previous studies have demonstrated that (a) thrombin activation of SFKs leads to activation of cell cycle genes and programmed neuronal cell death, 22 and (b) thrombin activation of SFKs leads to damage of astrocytes and endothelial and BBB disruption. 21 These mechanisms by which SFKs mediate thrombin-induced brain injury could be occurring in this IVH model. In light of the fact that the SFK genes belong to oncogenes that are associated with cell proliferation, neuronal differentiation, and other important cellular processes, chronic silencing of these SFK genes could lead to serious side effects. 21 This was supported by our previous findings that delayed and lasting SFK inhibition diminished a SFK-mediated delayed repair processes after thrombininduced blood-brain barrier injury. 25 Therefore, it is essential to inhibit SFKs transiently, and thus we designed the experiments so that a single administration of PP2 or siRNA to Fyn, instead of chronic administration of PP2 or siRNA to Fyn, was given immediately following IVH.
PP2 is a non-specific SFK inhibitor, blocking multiple SFK family members (e.g. Fyn, c-Src, and Lck). To better define which SFK subtype is implicated in the injurious pathways post IVH, we knocked down a single SFK gene Fyn using the nanoparticle-based siRNA method rather than traditional knockouts or viral knock downs of the proposed gene. This is because the nanoparticle-siRNA, approved by FDA for human use, 29, 30 provides a transient effect and avoids the potential side effects caused by ''long-term silencing'' of SFK gene-like knock outs. We examined Fyn rather than other SFK subtypes in this study, partly because Fyn is ubiquitously expressed, 31 with highest abundance in hippocampal neurons. 32, 33 In addition, Fyn is the SFK that selectively phosphorylates the GluN2B subunit of the NMDA receptor to increase calcium flux 34 and Fyn phosphorylation of tyrosine 1070 of the GluN2B subunit is also critical for surface expression of NMDA receptors 35 -both of which can lead to excitotoxic cell death. Thus, the siRNA to Fyn that protects against intraventricular blood mediated cell death in hippocampus could be due in part to blocking NMDA receptor activation by decreasing calcium flux through NMDA receptors and decreasing surface localization of NMDA receptors. In addition, there are other possible mechanisms by which SFKs might mediate secondary brain injury via downstream molecules, such as RhoA-Rho-kinase1 (ROCK1), Jun N-terminal kinase (JNK), P38 and Erk mitogen-activated protein kinases (MAPKs). [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] We have previously shown that PP2 decreases ROCK1 expression in a head trauma model. 11 SFK inhibitors may be attractive candidates for future clinical translation to humans with IVH. SFK inhibitors have been shown to be safe in human cancer trials. 36, 37 The nanoparticle delivery methods used here for the SFKs are FDA approved for human use. 29, 30 SFK inhibitors block many injury pathways after IVH, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and even a single dose produced extremely robust cognitive benefits post IVH.
There are several limitations to the current study. The dose responses of PP2 and siRNA-Fyn were not addressed in the specific models examined in this study. The time window was not addressed as well since it is unclear how long after IVH that SFK inhibition would still be effective. The spatial memory function at several months following IVH was not examined and will need future study. Sample size calculations were not performed since there were no previous data on which to estimate effect size.
In conclusion, we propose that SFKs mediate the hippocampal neuronal cell death and spatial memory deficits produced by intraventricular thrombin and intraventricular blood. Inhibiting SFKs including a single SFK family member Fyn can prevent the neuronal cell death and spatial memory deficits that occur following non-traumatic IVH in these animal models.
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